INTRODUCTION AND PROBLEM STATEMENT
Fuel cells (FCs) generate electricity and heat via electrochemical reactions (i.e., the reversed electrolysis reactions). There are a variety of designs developed for FCs, but they all operate with the similar basics and principles [1] . FCs are promising candidates for providing electrical power for future energy systems due to the high efficiency and low emissions of NO x compared to conventional power generation systems [2] . The solid oxide fuel cell (SOFC) operates at temperatures between 600-1000°C [3] . The ability of working at these high temperatures allows SOFCs to operate with different types of fuels no matter they come from a renewable or a fossil, such as methane, methanol, ethanol, gasoline, diesel, syngas, biogas and other oil derivatives [4] [5] [6] .
Moreover, SOFCs are more tolerant to contaminants than other FCs. In fact, the capability of reforming hydrocarbon fuels promotes SOFCs as prime candidates for leading the transition from conventional power generation with hydrocarbon based fuels to fuel cells which can operate under a wide range of fuels, especially those coming from renewable resources [3] . [ 4 , 5 , 6 ] If hydrogen and/or carbon monoxide are supplied as fuel, no reforming process is required as they can be directly used as electrochemical reactants. Thus, considering hydrogen and carbon monoxide as fuel, the reactions that take place within SOFCs can be globally described as follows: Oxygen is reduced at the cathodic three-phase boundary (TPB), as in eqn (1) . The generated oxygen ions are transported through the electrolyte, but the electrons are prevented to pass through it. The electrochemical reactions between hydrogen and oxygen ions, eqn (2) , as well as between carbon monoxide and oxygen ions, eqn (3) , take place in the anodic TPB [7] [8] . (FOx, 8) Carbon poisoning is a major concern in SOFCs, when a fuel containing carbon, such as carbon monoxide or methane, is supplied to a Ni anode. The probability for coke formation deepens on the type of fuel, the steam-tocarbon ratio, the catalyst composition and the temperature. Equation (9) describes the Boudouard disproportionation reaction, in which CO is converted into carbon at the catalyst surfaces, lowering the amount of CO available for electrochemical reaction and also causing carbon deposition at the anode surface. CO is reduced using H 2 in eqn (10) to produce carbon and water vapor, contributing to carbon deposition and producing water [11] . The methane cracking is presented in eqn (11) [5] . It is clear that Ni/YSZ anodes are not suitable for direct oxidation of pure CO and the degradation would be rapid [11] . It should be mentioned that eqns (9)- (11) are not considered in our reaction model in the current study. However, carbon poisoning should be considered as the new anode catalysts are designed as well as the operating parameters are decided, in terms of the steam-to-carbon ratio and temperature, to avoid rapid degradation of the cell performance. 2H C CH   (11) The electrochemical reactions in SOFC composite electrodes take place in the TPB region, where the electron conducting particles meet with ion conducting particles and also the pores containing gas-phase species.
To enable electrochemical reactions the ion and electron conductors must also be in contact with their corresponding base, i.e., the current collector in case of electron conducting materials and electrolyte in case of ion conducting materials, through other particles of the same type [12] . SOFC electrochemical behavior is mainly determined by the reaction ohmic, activation and concentration polarizations. The respective polarizations are strongly influenced by the microstructure of the electrodes and depend on the quantity and location of the TPBs [13] .
Using alternative fuels (compared to hydrogen) gives SOFC a major advantage because pure hydrogen is highly flammable and volatile, which makes it problematic to handle. Additionally hydrogen has low density, which makes storing costly. The price of hydrogen is normally higher, compared to for example natural gas, because hydrogen is not occurring naturally and need to be produced for example through steam reforming of natural gas or coal and sometimes by electrolysis [14] . Syngas and biogas contain a mixture of hydrogen, carbon monoxide as well as other gases and are found to be suitable for direct use in SOFCs. In SOFC modeling, it is common to assume that carbon monoxide is only reformed in the WGSR [15] [16] , i.e., the electrochemical reaction with carbon monoxide of reactant is neglected. This limitation is released in this paper and the aim is to investigate the impact on the Nernst potential, current density, mole fractions distribution, temperature distribution as well as the WGSR reaction rate within the cell. A parameter study is performed, varying the inlet fuel composition and the air flow rate. The uniqueness of our work besides the coupled hydrogen-carbon monoxide electrochemical approach includes the implementation of the tortuosity factors and the material specific volume fractions for the ion and electron transport within the electrodes as well as the kinetic approach for the WGSR rate, combined with a complete set of simultaneously solved governing equations with the global internal reforming reaction kinetics included.
MATHEMATICAL MODEL
A two-dimensional (2D) model for an anode-supported SOFC is developed and implemented in the commercial software COMSOL Multiphysics (version 4.3). Equations for gas-phase species, momentum, ion, electron and heat transport are solved simultaneously. The geometry, based on a standard cell at the Ningbo Institute of Material Technology and Engineering (NIMTE) in China, is defined in Table 1 , and a sketch of the investigated cell can be seen in Fig. 1 . Note that Fig. 1 is not to scale.
The MINTE cell consists of a 400 m thick Ni (40%) / YSZ (60%) anode substrate and an active anodic layer of 15 m, where the electrochemical reactions occur. The electrolyte is a 10 m thick layer of YSZ. The cathode consists of a 20 m thick active layer of LSM/YSZ and a buffer layer of 50 m LSM. Note that the anode active-and support layers have the same material composition, and the interface may not be very distinct.
The major function of the anodic active layer is for the electrochemical reactions at TPBs, while the support layer should enable internal reforming reactions. Since the active region in the anode where the electrochemical reactions take place does not extend too long from the anode-electrolyte interface, a graded porosity can be used to maximize the amount of TPB in the active region. The high mechanical strength is maintained for the rest of the anode which is used primarily as the cell support and for internal reforming reactions, when hydrocarbons are supplied as fuel. The anodic porosity measured is 28 %. The fuel-and air flows are arranged as counterflows. For the testing, a fuel flow rate of 800 sccm and an air flow rate of 2000 sccm are used. The single cell sample has dimensions of 5·5.8 cm 2 , with an active area of 4·4 cm 2 . An alumina testing house is used, where the cell temperature is kept constant during the tests, i.e., 750 °C for this case. Voltage probes are placed on the surface of the anode-and cathode support. It should be noted that the NIMTE cell is tested with humidified hydrogen as fuel, compared to partly pre-reformed natural gas as well as different mixtures of hydrogen and carbon monoxide as investigated in the model. The experimental procedures at NIMTE are further described in [17] [18] . 
Electron and ion transport
The potential difference between the anode and the cathode current collectors corresponds to the total cell voltage (V cell ). The governing equations for the electron and ion transport are implemented as: (13) where  the ionic/electronic conductivity, i the ion/electron current density,  is the potential, el is the index for the electrolyte material (YSZ) and io for the electron conducting materials (Ni or LSM) . The potential at the cathode current collector is set as the cell operating voltage (V cell =0.7 V in this study) and at the anode current collector is set to zero. All other boundaries and interfaces are electrically insulated. The two electrochemical reactions (by H 2 and CO) are treated as two reactions in parallel. Thus, the total local current density for the anode is calculated as the sum of the contributions by carbon monoxide and hydrogen anodic current densities, i.e.:
Both the Nernst potential and the current density would increase if a pure hydrogen fuel is supplied instead of the different fuel mixtures investigated within this study. However, the aim of this work is to investigate different fuel mixtures containing carbon monoxide as well as study the interaction between the electrochemical reaction with hydrogen and carbon monoxide respectively. The electrochemical reaction with carbon monoxide as reactant corresponds to 15-20 % of the total current, for the fuel compositions tested in this study. However, the impact from neglecting the carbon monoxide direct oxidation path on the total current is higher, due to the strong coupling between the current density, heat generation and local temperature.
The electronic conductivities in the anode and the cathode as well as the ionic conductivity in the electrolyte material are calculated as [19] [20] :
where T is the temperature. The electrons and ions can not be transported in a straight path in the electrodes, because the transport distance increases due to the real/functional material compositions and their micro structures. This is accounted for by using the structure dependent tortuosity factors and volume fractions. The effective ionic and electronic conductivity in the electrodes are defined as [21] : (20) where  is the tortuosity factors of charge transport and V the volume fraction for the specific materials, as specified in Table 2 46 were found for Ni and between 9.84 and 27.89 for YSZ, respectively, depending slightly on the evaluation methods, but mostly on the direction (x, y and z) [22] . Vivet et al. [23] calculated the tortuosity in the range of 3.04 and 6.24 for Ni, and between 1.79 and 2.10 for YSZ, respectively. For this work the dimensionless parameters for the electrode structure stated in Table 2 are employed. It is worthwhile to note that there is an negligible transport of oxygen ions in Ni material and of electrons in YSZ material [23] , and therefore it is not considered in this study. 
where R is the electrochemical resistivity. 
where the index a stands for the anode and c for the cathode. Note that eqn (28) is derived from eqn (25) [28] .
Notice that the activation polarizations in eqns (26)- (28) are connected to the validated expressions describing the local current density in eqns (46)- (48) (in section 2.5), including, e.g., the local temperature and concentrations. The respectively remarkable source of loss is discussed as the result is presented in section 4.
The concentration polarizations are specified as [32] : where p i,TPB stands for the partial pressure at TPB, p i,b the partial pressure at the interface between the gas channel and the electrode, R is the gas constant, F is the Faraday constant and n e is the number of electrons transferred per reaction. Note that the expressions for concentration polarizations within the anode do not include methane, neither the influence from carbon monoxide and carbon dioxide in the hydrogen concentration polarization (eqn (29)), nor the influence from hydrogen and water in the carbon monoxide concentration polarization (eqn (30)).
The Nernst potential can also be calculated for the electrochemical reactions with methane (eqns (7)- (8)).
However, the Nernst potential differs significantly depending if FOx or POx occurs. The POx gives both a higher voltage and a higher gradient with temperature, compared to the FOx. For a fuel with mostly methane (and neither hydrogen nor carbon monoxide) at the inlet, eqns (2)- (3) start as hydrogen and carbon monoxide becomes available along the main flow direction [10] . The influence from the electrochemical oxidation of methane is neglected within this work, because the electrochemical oxidation rate of methane is neglible, compared to the ones for hydrogen and carbon monoxide. It should be noted that neglecting the electrochemical oxidation of methane is common for models presented within the open literature, such as in [33] [34] .
Momentum transport
The gases flow inside the fuel cell components, such as in the fuel and air channels, and in the porous electrodes. Equation (32) is introduced and solved for the gas flow in the fuel and air channels and in the porous materials simultaneously [35] [36] , i.e., the interface conditions between the gas channels and the porous electrodes do not need to be defined.
where κ the permeability of the porous medium (1.76 ·10 −11 m 2 ), is the volume force vector,  the viscous stress tensor and the velocity vector. The viscosity (μ) and density () for the participating gas mixtures are evaluated by local mole fractions and temperature, as described in [
The gas inlet velocities are defined as a developed laminar flow profile, and the average values are based on the oxygen and fuel utilization, i.e., 12 % and 77 %, respectively, for the case with 30 % pre-reformed natural gas. The fuel flow rate is adjusted to supply the fuel channel with the same amount of hydrogen equivalents (hydrogen and carbon monoxide counts for one and methane for four) for all cases in the parameter study. The air flow rate is adjusted to reach the same outlet temperature for all cases. At the outlets, the pressure is fixed to 1 atm. The relatively low oxygen utilization is applied in this study to limit the temperature gradient within the cell, because the (average) current density is relatively high, due to a high electrochemical active area-to-volume ratio. It should be noted that the extra amount of energy is needed for the air blower, with a low oxygen utilization, with a benefit to the decreased current density gradients along the main flow direction (due to the decreased temperature gradient also along the main flow direction). The authors investigated the influence of a graded electrode structure on the air flow rate (as well as current density distribution) in a recent study [38] .
Gas-phase species transport
In the porous material, there are two kinds of gas-phase species diffusion mechanisms; Knudsen (collisions between the gas molecules and the pore walls) and molecular (collisions between two different gas molecules)
diffusions. Knudsen diffusion is important when the mean free path is in the same order or bigger than the pore size, and molecules collide with the solid walls more often than with other molecules. At the SOFC operating temperature of around 1000 K, the mean free path of these gas components is about 0.2-0.5 m. In this study, the radius of pores is assumed as 0.34 m, which is of the same order as the mean free path. In other words the Knudsen diffusion should be included in the SOFC models. For a multi-component gas mixture system, the temperature dependent binary diffusion coefficients (D ij ) are calculated by the expressions in [39] , based on binary-component coefficients of the gases. The Knudsen diffusion coefficient of the component i with the component j in a gas mixture, D k,ij , is calculated based on the free molecule flow theory, as described in [40] :
where r is the effective radius of the pores. In the porous media, there is an increased diffusion length due to the tortuous paths of connected real pores, and the effective diffusion coefficients are usually corrected by porosity ( p  ) and tortuosity [40] [41] :
Equation (35) is used to describe the gas-phase species transport phenomena for each component inside the cell [36] and solved for the fuel and air channels as well as for the electrodes.
In eqn (35) 
Heat transport
A local temperature equilibrium (LTE) approach is applied, i.e., the temperature is assumed to be locally the same for the gas and solid-phases (within the electrodes). Previously a local temperature non-equilibrium (LTNE) approach has been applied [3] . However, the temperature differences between the phases within the electrodes (where both gas-and solid phases are considered) as well as the difference in overall temperature difference between the inlets and outlets were neglible. The LTE approach is applied to decrease the model complexity and to save computation time. The governing equation for the temperature distribution in this work is defined as:
here k eff is the effective thermal conductivity, Q h the heat generation/consumption (source term defined in eqns (42)- (45)), and c p,g the gas-phase specific heat. Applying a LTE approach means that eqn (36) is valid over the entire model, i.e., no heat transfer coefficients between the solid-and gas phases as well as heat exchange coefficients at the channel walls need to be considered. Note that the overall governing equation for the heat transport reduces to pure heat conduction in the electrolyte and in the interconnector. The effective value of the thermal conductivity in the porous electrodes can be specified as [40] :
where eff means effective, s solid and g gas-phase. The conductivity, the specific heat and the density for the solid materials in the different subdomains are outlined in Table 3 . The specific heat for each gas species and the gas mixture is calculated as [43] :
where a k is the species dependent parameter (extracted from [43] ) and "k" stands for the number of parameters involved in the specific heat calculation. The thermal conductivity for each species of the gas-phase, as well as for the gas mixture, is defined as [43] :
where c k is the species dependent parameter (extracted from [43] ) and "k" stands for the number of parameters in the thermal conductivity evaluation.
The heat consumption/generation due to the internal reforming reactions in the anode is implemented by: 
The heat generation due to the ohmic polarization is calculated as [20, 44] :
The amount of the heat generated (within the cathode side)/consumed (within the anode side) due to the change of entropy in the electrochemical reactions is defined as [44] : (45) where S e is the entropy change of the electrochemical reactions, calculated from the data in [45] for the anode and the cathode TPBs, respectively.
The boundaries at the top and the bottom of the cell are defined as symmetry conditions, because it is assumed that the cell is surrounded by other ones with identical temperature distribution. The outlet is defined as convective flux and the inlet gas temperature is defined by the operating temperature (1000 K).
Electrochemical reactions
The current density is calculated separately at the anodic side for hydrogen and carbon monoxide according to the approach developed by Suwanwarangkul et al. [31] , and presented in eqns (46)- (48) . The electrochemical oxidation of methane (eqns (7)- (8)) is neglected, because the electrochemical oxidation rate of methane is neglible, compared to the ones for hydrogen and carbon monoxide [9, 27] . Note that this electrochemical approach also includes the gas-phase partial pressures, which are frequently neglected within the open literature and also in our previous models [3, 37, 44] . Here K eq the temperature dependent equilibrium constant for eqns (2) and (3) [46] . Note that not all the surfaces are available for the catalytic reactions, due to the distribution of catalysts, unavailable pores and mass transfer limitations among others. The trend for the FC development in recent years has been in the direction of employing smaller pores to get a larger AV. The approach applied in this work (from Suwanwarangkul et al. [31] ) assumes that the pre-exponential factor of the CO oxidation reaction is 2.5 times lower than that of the H 2 oxidation reaction, because the CO oxidation presents a much higher activation polarization than for the H 2 oxidation reaction at the same current density.
Also Ni [27] assumes the exchange current density for hydrogen electrochemical reaction to be 2.5 times that for the CO electrochemical oxidation. These assumptions can be compared to the result from Matsuzaki and Yasuda in [47] , where it was concluded that the electrochemical oxidation rate of H 2 at the interface in a porous
Ni-YSZ cermet electrode and YSZ electrolyte is 1.9-2.3 times higher than that of CO at 1023 K and 2.3-3.1 times higher at 1273 K. O´Brien and Giorgi [11] measured the CO electrochemical oxidation rate on NiCo/YSZ to be approximately three times slower than that of H 2 . Note that the difference in oxidation rates between the carbon monoxide and the hydrogen reactions is not the same as the difference in pre-exponential factors or exchange current densities, because the local concentrations and equilibrium constants are included as the current densities are calculated (for this study in eqns (46)- (48)).
Internal reforming reactions
When a fuel containing methane and carbon monoxide is supplied, the reforming reactions take place within the anode. Carbon monoxide can be oxidized in the electrochemical reaction, but also reacts with water in the WGSR [48] ]. Note that the WGSR is in general much faster than the carbon monoxide electrode reaction [47] [48] [49] . Methane reacts with steam in the MSR. The DR is neglected due to the relatively high fractions of water in the supplied fuel. The heat, which is generated within the cell (mainly from the electrochemical reactions), can be used for the internal steam reforming reaction within the anode and/or outside the cell for external reforming and pre-heating of the fuel and air. The reaction kinetics from Klein et al. [50] [51] for the MSR (an Arrhenius form expression dependent on the active area-to-volume ratio) is presented in eqn (49) and used to calculate the reaction rates in this work. (49) Equation (49) Based on the global scheme for the anode, the expression for the catalyzed water-gas shift reaction from Haberman and Young [52] has been selected in this study:
The rate constant (k WGSR ) and the equilibrium constant (K WGSR ) are temperature dependent expressions calculated from the experimental data, as described in [52] . To verify if the WGSR is close to equilibrium or not, the rate constant (k WGSR ) is increased 20 times. It is found that the difference in carbon monoxide mole fraction is less than 0.001 at any position at the anode/electrolyte interface for the case with partly pre-reformed natural gas.
All the equations, defined above, are numerically solved in COMSOL Multiphysics (version 4.3.0.233) using a stationary segregated solver with a direct (MUMPS) linear solver system. The governing equations are segregated in 5 different groups: 1. velocity field, pressure distribution and pressure corrections, 2. temperature distribution, 3. ion and electron distribution, 4. mass fraction distribution on the air side (O 2 /N 2 ) and 5. mass fraction distribution on the fuel side (H 2 /H 2 O/CH 4 /CO/CO 2 ). The segregated solver solves for 2 390 000 degrees of freedom and the tolerance is defined to 0.0001 for each segregated group. Grid independence was achieved at 704 000 elements, after which the change (for the standard case with pre-reformed natural gas) in the maximum temperature is less than 0.03 %, in the maximum air velocity less than 0.08 %, in the oxygen consumption less than 0.16 %, in the minimum hydrogen mole fraction less than 0.11 %, in the methane conversion less than 0.21 % and in the average current density less than 0.32 % (compared with the predictions by 1 070 000 elements). It should be noted that the mesh is finest close to the electrode/electrolyte interface and coarsest for the air-and fuel channels and for interconnects. The reason for such a mesh arrangement is mainly due to the fact that the charge transport and the electrochemical reactions (affecting the governing transport equations for ion, electron, mass, heat and momentum) appear only in the regions close to the electrode/electrolyte interface. The calculation time is in the order of several hours on a single computer with 16 GB RAM and a CPU with 3.40
GHz.
Within the parameter study the compositions at the fuel inlet are varied, according to Table 4 . The fuel flow rates are specified to ensure that each case supplies the cell with the same amount of fuel, in terms of hydrogen equivalents. The (inlet) air flow rate is adjusted to keep the overall temperature difference between the inlet and the outlet constant. The "dimensionless air flow rate" (listed in Table 4 ) corresponds to the inlet air velocity relative to the one for the case with 30 % pre-reformed natural gas. Note that some of the cases within the parameter study contain a low steam-to-carbon ratio, i.e., the probability for carbon deposition becomes high close to the fuel inlet. However, this study aims to compare different fuel mixtures in terms of the electrochemical reactions. 
SIMULATION RESULTS
The predicted temperature increases along the main flow direction (x-direction), as seen in Fig. 2 , for the case with 30 % pre-reformed natural gas as fuel. Heat is produced due to the different polarizations, the change of entropy due to electrochemical reactions in the cathode and the WGSR in the anode. On the other hand, heat is consumed due to the MSR as well as change of entropy due to the electrochemical reaction within the anode.
Normally an initial temperature decrease within the anode is expected as partly pre-reformed natural gas is supplied as fuel. However, this is not the case within this study, since a relatively low inlet temperature is applied together with a quite low inlet fraction of methane as well as a relatively high electrochemical active area-to-volume ratio, which gives a (initial) significant heat generation from the high current density. A temperature difference is predicted in the y-direction inside the air channel because the convective heat flux in the air channel is bigger compared to the one in the fuel channel due to the relatively larger mass flow rate. An increased cell temperature increases the cell current density. However, a too high temperature gradient or maximum temperature decreases the life length of the cell, due to material degradation and failure. The current density increases along the main flow direction mainly due to an increased cell temperature. The increase is limited because of the decrease in Nernst potential due to the temperature increase and the consumption of electrochemical reactants along the main flow direction. The pressure drop for the case with 30% pre-reformed natural gas is about 20 Pa on the anode side and 140 Pa on the cathode side.
The current density distribution along the y-direction (i.e., the direction normal to the main flow direction), at the inlet and outlet, in the cathode (to the left), electrolyte and anode (to the right) can be seen in Fig. 3 and along the x-direction (i.e., the main flow direction) in Fig. 4 . Note that for the anode and cathode, only the parts (20 μm) closest to the electrolyte interface are included in Fig. 3 . The depth or thickness of the TPB region (in the direction normal to the main flow direction) is 1.0 μm for the cathode side, and 2.6 μm for the anode side.
The thickness is defined as the region where 90 % of the electrochemical reactions occur. It is concluded that the current density gradients are steeper on the cathode side than on the anode side. The depth of the active electrochemical reaction zones is quite small compared to the designed active layers (for example, 20 and 15 μm for the cathode and anode, respectively, for the NIMTE standard cell). The current density increases along the main flow direction as the as the exchange current density increases due to the increased temperature. The increase in current density is limited, due to the decreased Nernst potential, caused by the temperature increase along the main flow direction. The ohmic resistance decrease from an increased temperature. It should be noted that also the consumption of electrochemical reactants and the generation of electrochemical products along the main flow direction decreases the Nernst potential.
The potential distribution is shown in Fig. 5 The Nernst potential varies along the main flow direction, as presented in Fig. 6 for the case with 30 % prereformed natural gas as fuel. The Nernst potential for hydrogen and for carbon monoxide as electrochemical reactants are not the same. However, the charge transfer and the mass transfer mechanisms will ensure that the two parallel reaction rates adjust until a single cell potential (V) is obtained, according to eqn (25) . For this case the Nernst potential concerning the electrochemical reaction with carbon monoxide as reactant and carbon dioxide as product are slightly lower, compared to the electrochemical reaction with hydrogen as reactant and water as product. It is advantageous to increase the Nernst potential, because a higher current density can be achieved with the same operating voltage and temperature. The Nernst potential can be increased from a decreased temperature, a decreased mass transport resistance through the electrodes, an increased fraction of electrochemical reactants or a decreased fraction of electrochemical products. The Nernst potential decreases along the main flow direction, due to the increased temperature, decreased concentration of electrochemical reactants and the increased concentration of electrochemical products.
The overall results are presented in Table 5 . It should be noted that the fuel flow rate is adjusted to supply the fuel with the same amount of hydrogen equivalents (hydrogen or carbon monoxide counts for one and methane for four) for all cases in the parameter study. Air utilizations of 4-5 % may not be reasonable for commercial fuel cell operation. However, in this study the air flow rate is adjusted to reach the same outlet temperature for all cases, which gives very low oxygen utilizations, because the current density is relatively high. It is clear there are advantages to supply the cell with natural gas (strongly endothermic reforming reaction) in terms of the amount of supplied air. Fuel utilizations around 90 % result in a low Nernst potential close to the outlet, i.e. high current density gradients along the main flow direction The current density (Fig. 7) increases when a fuel containing a 1:1:1:1 fuel mixture of hydrogen, carbon monoxide, water and carbon dioxide is supplied, compared to the case with pre-reformed natural gas, due to the higher fraction of electrochemical reactants close to the inlet. The average current density is 8700 A/m 2 , compared to 8250 A/m 2 for the case with pre-reformed natural gas. However, the difference between the maximum current densities is bigger, 10500 A/m 2 , compared to 9600 A/m 2 . The hydrogen Nernst potential (Fig.   8 ) at the inlet is increased (to 0.964 V) from an increased TPB fraction of hydrogen. However, at the outlet the hydrogen Nernst potential is decreased (to 0.795 V), compared to the case with pre-reformed natural gas (with a hydrogen Nernst potential of 0.942 V at the inlet and of 0.842 V at the outlet), due to a decreased mole fraction of hydrogen. The mole fraction distribution along the main flow direction, at the TPB, for the case implementing a 1:1:1:1 mixture of hydrogen, carbon monoxide, water and carbon dioxide as inlet fuel composition is presented in Fig. 9 . Hydrogen and carbon monoxide are consumed in the electrochemical reactions and consequently water and carbon dioxide are generated along the main flow direction. Carbon monoxide has a slighter higher mole fraction than hydrogen at the outlet, because the equilibrium condition of the WGSR. The difference at the inlet between the mole fractions within the fuel channel (0.25 for all participating species) and the TPB (as presented in Fig. 9 ) are due to the gas-phase mass transfer resistance within the anode coupled to the WGSR. Le Chatelier's principle tells that the equilibrium constant for the WGSR decreases as the temperature increases along the main flow direction, because this reaction is exothermic. A decreased equilibrium constant means that the equilibrium proceeds towards the left, i.e., producing carbon monoxide and water (from hydrogen and carbon dioxide). For the WGSR the pressure has no effect on the equilibrium constant, because the products and reactants have the same number of moles within the reaction. Since the electrochemical reaction with hydrogen as reactant corresponds to 80-85 % of the current on the anode side, the WGSR is pushed proceeds towards the right producing additional hydrogen (and consuming carbon monoxide),
i.e., opposite to the impact from the increased temperature along the main flow direction." It should be mentioned that the fuel utilization is higher as the 1:1:1:1 fuel mixture is supplied, compared to the case with pre-reformed natural gas. However, the same amount of fuel, in terms of hydrogen equivalents, is supplied.
Notice, the air flow rate is increased with a factor of 1.9 to compensate for the loss of cooling from the internal reforming reactions (to keep the outlet temperature constant), i.e., the electricity consumption in the air pump increases significantly and also the area required for heat transfer between the ingoing and outgoing streams has to be increased, compared to the case with 30 % pre-reformed natural gas.
The average current density increases to 10250 A/m 2 ( Fig. 10 ) as a 4:4:1:1 fuel mixture of hydrogen, carbon monoxide, water and carbon dioxide is supplied. The current density is lower at the outlet compared to that at the inlet due to the low fractions of the electrochemical reactants at the TPB at the outlet, i.e., due to the high fuel utilization. The Nernst potential ( in an increased activation polarization (with a constant cell voltage), i.e., the current density increases.
The fuel at the inlet consists of a 2:6:1:1 mixture of hydrogen, carbon monoxide, water and carbon dioxide, which gives an average current density of 9900 A/m 2 ( Fig. 12) . The current density decreases due to a lower Nernst potential (Fig. 13 ) as well as a lower hydrogen fraction at the TPB. The relatively low current density close to the outlet can be explained from low concentrations of electrochemical reactants, i.e., a high fuel utilization. The Nernst potential decreases along the flow direction because the temperature increases, the electrochemical reactant fraction decreases and the electrochemical product fraction increases. The difference between the Nernst potential at the inlet and at outlet is bigger for this case (0.215 V) compared to previous cases (for example 0.099 V for the case with pre-reformed natural gas and 0.17 V for the 1:1:1:1 mixture), due to an increased difference between the electrochemical reactant fractions at the inlet and at the outlet. Note that the carbon monoxide mole fraction decreases from 0.60 in the fuel channel to 0.47 at the TPB at the inlet (Fig.   14) , mainly due to the WGSR within the anode. The WGSR rate (Fig. 15 ) decreases along the main flow direction, from 15 mol/m 3 /s close to the inlet to zero close to the outlet. The electrochemical reaction rate for the reaction with hydrogen as fuel is faster, compared to the one with carbon monoxide as fuel, because the activation polarization for carbon monoxide corresponds to a lower current density, compared to hydrogen.
The highest average current density (from the cases presented within this work) corresponds to the case with the highest concentration of hydrogen, i.e., the 6:2:1:1 mixture of hydrogen, carbon monoxide, water and carbon dioxide, which gives an average current density of 10750 A/m 2 ( Fig. 16) . The current density is 9800
A/m 2 at the inlet, due to the high concentration of hydrogen as well as the high Nernst potential (Fig. 17) . The WGSR rate (Fig. 18 ) increases along the main flow direction, from -15 mol/m 3 /s close to the inlet to around 15 mol/m 3 /s close to the outlet, because the electrochemical reaction with hydrogen is faster than the one with carbon monoxide. Note that the reaction proceeds backwards in the region close to the inlet, because the conditions (temperature and concentrations) are far from equilibrium, i.e., carbon monoxide and water are produced from hydrogen and carbon dioxide. Note that there is some local heat consumption as the WGSR proceeds backwards. As hydrogen is consumed along the main flow direction, in both the WGSR and the electrochemical reaction, the reaction turns forwards and starts to produce hydrogen from carbon monoxide.
CONCLUSIONS
A CFD approach is developed and implemented to analyze various physical and chemical phenomena, which take place inside a single cell of an anode-supported SOFC. Equations for momentum, gas-phase species, heat, ion and electron transport are solved simultaneously and couplings with kinetic expressions for electrochemical and internal reforming reactions appearing in various domains are considered. Both carbon monoxide and hydrogen are included as the reactants in the electrochemical reactions within the anode. The electrochemical reactions are defined in a finite region close to the electrode/electrolyte interface and implemented as specific source terms in the governing transport equations. The activation polarization for the electrochemical reaction with hydrogen as reactant and the one with carbon monoxide as reactant does not correspond to the same current density, i.e., the two electrochemical reactions are treated as two individual ones in parallel and the total current density for the anode is the sum of the two.
The usage of a fuel without methane increases the need of air significantly, in order to keep the outlet temperature constant, compared to the case with pre-reformed natural gas. The increased need for cooling is due to the lack of the heat consumed by MSR and also that the current density is increased. An increased air flow rate gives an increased internal electricity consumption due to the air pump and also increased heat transfer areas between the ingoing and outgoing streams. Consequently, it is important to include the operating condition when the fuel cell system is designed. For the case with an initial low concentration of carbon monoxide, the WGSR proceeds backwards in the region close to the inlet, because the local conditions are far from equilibrium. It is concluded that the WGSR within the anode results in high mole fraction gradients through the anode in the direction normal to the main flow direction.
The current density distribution along the main flow direction depends mainly on the Nernst potential, the temperature as well as and the distribution of the electrochemical reactants and products. The temperature and the fractions of electrochemical products increase along the main flow direction. The Nernst potential and the fractions of electrochemical reactants decrease along the main flow direction. It is found that a fuel mixture containing a high fraction of electrochemical reactants (hydrogen and carbon monoxide) enables a high Nernst potential in the region close to the inlet, which increases the current density at the inlet. On the other hand, a fuel mixture including methane, i.e., with internal reforming within the cell, produces electrochemical reactants and consumes electrochemical products along the main flow direction, resulting in a decreased Nernst potential gradient along the main flow direction. The Nernst potential covering the electrochemical reaction with carbon monoxide has a stronger influence from changes in the operating temperature, compared to the reaction with hydrogen. The fact that the electrochemical reaction with hydrogen corresponds to a higher current density is also the reason for an increased average current density for the cases with a high hydrogen mole fraction at the fuel inlet. It is important to note that the expressions describing Nernst potential for the electrochemical reaction with hydrogen as well as for carbon monoxide are developed for "pure" mixtures. 
